To investigate the association between human herpesviruses and multiple sclerosis (MS), as well as between measles virus and MS. Methods: The authors identified prospectively collected serum samples from 73 MS cases and retrospective sera from 161 MS cases in two population-based serum bank registers. Analyses of IgG antibody responses in cases and matched referents were performed for Epstein-Barr virus (EBV [EBNA-1 and VCA]), human herpesvirus 6 (HHV-6), herpes simplex virus (HSV), varicella zoster virus (VZV), and measles. Results: All cases showed signs of past EBV infection. High activity to EBNA-1 and HHV-6 significantly (borderline significance for HHV-6) increased the risk for MS in prospective sera. A discrepancy between activities to EBNA-1 and VCA was striking in MS samples collected less than 5 years before relapsing-remitting MS onset, where high activity to EBNA-1 significantly increased, and high VCA activity significantly decreased the risk for MS. There was no support for major causal roles for HSV, VZV, or measles. Conclusion: Individuals who will develop MS exhibit an altered immune response against the EBV virus characterized by a high IgG activity to EBNA-1 in the absence of high activity to VCA, this being most pronounced in the 5-year period preceding MS onset.
Evidence supports that agents associated with multiple sclerosis (MS) are common and act on a population level, and that the age of acquisition might be from 13 to 20 years. 1, 2 Of all environmental agents studied, viruses remain the most suspected etiologic agents. Among these, Epstein-Barr virus (EBV) and human herpesvirus 6 (HHV-6) have particularly been implicated as associated with MS. 3 The pathogenetic mechanism discussed for infectious agents includes the activation of autoreactive lymphocyte clones through molecular mimicry. 4 Thus far only two studies have been published that have prospectively analyzed the prevalence of virus titers among MS patients. Both studies only investigated EBV, which was implicated in the pathogenesis of the disease. 5, 6 From the family of eight DNA viruses constituting the human herpesviruses, four were selected for this study. EBV, the cause of infectious mononucleosis, is often regarded as the virus with the strongest association with MS. 7 The EBV is tropic for B cells and persists normally throughout life as a latent infection in some of these. Unlike in the developing countries, as many as 50% of individuals in developed countries may have their primary infection after childhood. 8 The cause of roseola, HHV-6, is tropic for T cells and has received increased attention as a putative candidate in MS pathogenesis. 9 The usually benign childhood infection is a recognized cause of febrile seizures, and has been implicated as a cause of meningoencephalitis. 10 The neurotropic herpes simplex virus (HSV) and varicella zoster virus (VZV) have been identified as the main viral agents causing complications such as meningoencephalitis and myelitis. 11 The measles virus, morbilli, is unlike the herpesviruses RNA-encoded, and has been associated with MS previously. 12 The design of the present study was suggested close to 40 years ago by Kurland: we studied the IgG antibody responsiveness to EBV, HHV-6, HSV, VZV, and measles virus in both prospectively and retrospectively collected MS serum samples together with matched referents derived from two regional serum banks.
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Methods. Subjects and study design. MS cases database. In order to study the epidemiology of MS in Västerbotten County, northern Sweden, a case register was created. A high risk for MS was identified by estimates of the prevalence in 1990 and 1997, and the incidence in 1988 through 1997. 14, 15 On the latter prevalence day, December 31, 1997, there were 259,163 inhabitants in the study area. Case ascertainment and reliability of clinical and epidemiologic data have been assured from medical records, the results of MRI, CSF electrophoresis analysis, and other laboratory and paraclinical tests, together with a follow-up interview and neurologic examination.
Serum sample database. (screening 1986, 1990, 1994 , and 1999) consists of 11,000 random blood samples from 7,500 individuals aged 25 to 64 years. These three subcohorts provide at present 130,000 samples from 85,000 individuals. The blood samples have been subdivided into plasma (elsewhere referred to as serum), buffy-coat, and erythrocytes and are stored in freezers at Ϫ70°C. The NSHDS cohort is population-based. The Northern Sweden Maternity Cohort (NSMC) was collected from 1975 to 1999. The serum samples were acquired at the first visit to the antenatal care clinic after pregnancy was diagnosed, with the original purpose of estimating immunity for the rubella virus. The material has been kept in freezers at Ϫ20°C. The NSMC is population-based and comprises 102,788 sera from 78,700 women.
Study population. The MS database was linked with the databases of the NSHDS and NSMC cohorts. From the 850 MS cases in our database we identified 251 cases in either of the two serum bank registers. For 234 MS cases, serum samples from cases and matching referents were available. Cases without any possible MS symptoms preceding the serum collection were defined as prospective cases (n ϭ 73), and the remaining cases were defined as retrospective cases (n ϭ 161). All analyses on antibody activities to viruses were performed separately for these two groups (table 1). The same list of MS-onset symptoms being used in the epidemiologic surveys was adopted and used for calculations of age at onset and the duration between serum collection and symptom onset.
14 Owing to the content of the serum banks there was an excess of females (192 females and 42 males), giving a female to male ratio of 4.6. Otherwise the diagnostic categories and characteristics in the MS populations did not differ substantially from a population-based MS sample (table 2) . 16, 17 Of the 234 serum samples, 124 were from the NSMC, and 110 from the NSHDS cohort. Detailed data on clinical characteristics were available from the epidemiologic surveys for 80% (n ϭ 187) of these, and 178 cases belonged to the December 31, 1997 Väster-botten County prevalence population. The remaining 20% were resident in other areas in northern Sweden (n ϭ 40) or in Väster-botten County but not belonging to the epidemiologic survey populations (n ϭ 7). For each case, three referents matched for serum bank, sex, age, and year of serum collection were selected. Except for five cases from the MONICA subcohort where referent samples were received from the VIP subcohort, the referents were also matched for subcohort. The mean year of serum collection was 1989 for both cases and referents, the absolute mean difference was 7.8 days, and the maximum difference was 758 days. The absolute mean difference in age at serum collection was 114 days between cases and referents, and the maximum difference was 621 days.
The local ethics committee and the Swedish Data Inspection Board approved the study.
Laboratory methods. In-house enzyme-linked immunosorbent assays (ELISA) were used to detect IgG antibodies to HSV (groupreacting antigen to HSV-1 and HSV-2), VZV, and measles. 18 All analyses were performed blind in duplicate in a pair of wells coated with a viral antigen and a control antigen. In each run, high and low positive controls and a negative control were included. The antibody activity of the sample was expressed in arbitrary units (AU) as a percentage of the net-absorbance (absorbance of virus coated well Ϫ absorbance of control antigen well) of the high positive control. Samples with Ͻ5 AU were negative. The IgG anti-EBNA-1 response was measured by a commercial ELISA from Biotest, Germany, according to the manufacturer's instruction. The antibody activity of the sample was expressed in AU as a percentage of the absorbance of the positive control. The manufacturer's cut-off value for presence of antibodies was used. The IgG response to HHV-6 (HHV-6B) was measured by a commercial ELISA from Biotrin, Ireland. The antibody reactivity was expressed in AU as for the anti-EBNA assay. The cut-off value for presence of antibodies was determined by using 30 serum samples obtained from children aged 12 to 18 months. An absorbance value Ͻ0.20 was considered as negative and was recorded in 11 children. Their mean value (SD) was 0.078 (0.057). The cut-off was determined as the mean ϩ 3 SD; that is, 0.25. The 19 antibody positive children had an absorbance median of 1.5 (range 0.33 to 2.3).
The IgG response to EBV viral capsid antigen (VCA) was determined by immunofluorescence assay in a high screening dilu- tion (1/320) using butyric acid stimulated P3HR1 lymphoma cells. 19 All assays were read blind by the same experienced microscopist. The fluorescence activity grading was aggregated to three categories: "low" (negative in 1/320 dilution), "intermediate" (weak positive), and "high" (intermediate and strong positive). Negative samples in 1/320 dilution were identified by re-analysis in 1/20 dilution.
All methods, except HHV-6 ELISA, are accredited according to EN 45001 at The Swedish Board for Accreditation and Conformity Assessment.
Statistical analysis. SPSS was used to perform matched bivariate and multiple logistic regression analysis for estimating the risk of activity against virus on MS in terms of OR and 95% CI. The categories were created from the activities to viruses in prospective and retrospective referents. Owing to the sample size, the activity levels were split into tertiles: high, medium, and low. To estimate the risk of seronegativity of different viruses on MS, the exact method in logXact was applied to estimate the OR and 95% CI owing to the presence of zero cells.
Results. Prospective analyses. All prospectively collected samples from MS cases were positive for EBNA-1 and VCA. Among referents, all but nine individuals were positive for EBNA-1 and all but two for VCA. These high seropositivity rates among both patients and controls precluded the possibility to find significant risk associations as to seroconversion status as such. Likewise, all cases and referents were positive for measles and HHV-6 (table 3) . Analyzing antibody activities, however, revealed that high ORs and 95% CIs estimated in bivariate and multivariate logistic regression analysis.
EBV ϭ Epstein-Barr virus; HSV ϭ herpes simplex virus; VZV ϭ varicella zoster virus; HHV ϭ human herpesvirus. activity against EBNA-1, measles, and HHV-6 significantly increased the risk for MS in the bivariate logistic regression analysis whereas VCA was not associated with risk for developing MS. In the multivariate analysis only EBNA-1 and HHV-6 remained significant (OR ϭ 4.5; 95% CI: 1.9 to 11, and OR ϭ 2.3; 95% CI: 1.0 to 5.1) (table 4). The risk for MS related to antibody levels at different time intervals between sample collection and MS onset was analyzed in the 65 cases with relapsing-remitting onset (table 5). The discrepancy between EBNA-1 and VCA activities was striking in cases where samples were collected less than 5 years before MS onset. High activity to EBNA-1 was associated with marked increased risk for MS in this group (OR ϭ 11; 95% CI: 1.5 to 75), while high activity to VCA significantly decreased the risk for MS (OR ϭ 0.16; 95% CI: 0.032 to 0.86). Similarly, HHV-6 was exclusively associated with significantly increased risk for MS in samples collected less than 5 years before MS onset (OR ϭ 12; 95% CI: 1.8 to 76).
Retrospective analyses. The pattern of seronegativity was similar as compared to the prospective population. In this group, however, EBNA-1 seronegativity was associated with a significant decreased risk for MS (OR ϭ 0.12; 95% CI: 0.0029 to 0.75) (see table 3 ). In accordance with findings in the prospectively collected samples, significantly increased risks for MS were found for medium and high activities to EBNA-1. In addition, high activities against VZV and measles were associated with an increased MS risk in the retrospective group (table 6).
Discussion. The biobanks provide unique opportunities to study events prior to disease onset; that is, factors of potential etiologic importance. Studies on biobank samples are clearly superior to the ordinary case-referent study regarding, for example, the availability of matching referents and standardization of sample collection.
Our findings support the view that past EBV infection is a prerequisite for the acquisition of MS. Together with the results from two recent prospective serologic studies, the association between EBV and MS may seem indisputable. 5, 6 The fact that all prospective MS cases in these three studies show signs of past EBV infection also suggests that EBV requires a latency period to increase the risk for MS. This is consistent with the time interval between the common ages for EBV infection and MS onset in the western world. Moreover, it is consistent with the scarcity of child-onset MS and MS as a complication from primary EBV infection. 20 One proposed mechanism for how EBV infection may lead to MS is through molecular mimicry. This phenomenon has been implicated in several studies in which homologies between MBP and EBNA-1 have been demonstrated. 21, 22 Furthermore, naturally processed EBV peptides may potently activate MBPspecific T cells restricted by HLA-DR2, the most common HLA type of MS patients. 23, 24 An alternative, or complementary, hypothesis is that EBV may serve as a risk factor for autoimmune diseases in a non organ-specific way. Some interesting observations may support this view. One biologic property of EBV is to prevent its own antigens from being presented on infected B cells and thereby escaping immune surveillance by the host. This is primarily mediated by blockage of proteasomal processing via the unique glycine-alanine repeat in EBNA-1. 25 Interestingly, autoantibodies against proteosomal subunits have been demonstrated to occur in several autoimmune conditions, including MS. 26 If such proteosomal autoantibodies may block some of the biologic action of EBNA-1, this could lead to an increased immunogenicity of EBV proteins, especially EBNA-1. The selectively elevated EBNA-1 response in MS cases in the present study is in agreement with such mechanisms. An increased antigen presentation capacity of EBV-infected B cells may then lead to T cell activation by infected B cells, and induction of an autoimmune response. 27 We found a striking discrepancy between the response against EBNA-1 as compared to VCA. This discrepancy was not obvious from the two previous prospective EBV studies, which however reported a statistically significant association between high EBNA-1 (but not VCA) titers and the risk of developing MS. Since acknowledged laboratory methods have been used both in the present and in the two previous prospective studies, different laboratory methodology is probably not a plausible explanation for the observed difference, which could instead just reflect MS heterogeneity in different study populations. Interestingly, the same discrepancy (an increased response against EBNA-1 but not VCA) has been reported in a German study on another autoimmune disease, rheumatoid arthritis. 28 One possibility is that this immune response against EBV is autoimmune-specific rather than MS-specific, and that the susceptibility of the individual determines which autoantigen will be targeted. Also, in systemic lupus erythematosus patients, EBV infection has been shown to confer a risk for developing the disease. 29 Furthermore, molecular mimicry between EBV and autoimmune target antigens has been found in other autoimmune diseases than MS. [29] [30] [31] The importance of the significant association between MS and HHV-6 in prospective samples is un- ORs and 95% CIs estimated in bivariate and multivariate logistic regression analysis.
EBV ϭ Epstein-Barr virus; HSV ϭ herpes simplex virus; VZV ϭ varicella zoster virus; HHV ϭ human herpesvirus.
clear. HHV-6 is latent in CD4 positive T cells, and an inflammatory response involving the activation of these cells may boost a host immune response against HHV-6. However, there is experimental support for a potential role for HHV-6 in MS pathogenesis. Cross-reactivity between MBP and HHV-6, as well as significantly higher levels of soluble CD46 (the cellular receptor used by HHV-6) in MS cases compared to referents, has been demonstrated. 32, 33 The prospective part of this study did not support an MS association for HSV, VZV, or measles. For the significant, exclusively retrospective associations for VZV and measles, these may not be attributed any causal value with certainty.
